1. Introduction {#sec0005}
===============

In 1986, using direct cloning of 16S rDNA genes Norman Pace presciently noted that the method "seems to have no upper limit as to the complexity of the populations" ([@bib0795]). Thirty years later, Pace's maxim only seems ever more true. Deeper and deeper sequencing technologies have enabled the discovery of thousands of viral species. Metagenomic viral discovery can be applied to almost any sample type and novel viruses emerge. Growth in virome and metagenomics papers is outpaced only by that of the viruses discovered ([Fig. 1](#fig0005){ref-type="fig"} ). This review is meant to cover the field of modern-day RNA virus metagenomics, where RNA is perhaps best defined as "not DNA", mostly due to the use of DNA-specific nucleases in library preparations. Many excellent reviews on viral metagenomics already exist, but no specific review focuses on RNA virus metagenomics ([@bib0090], [@bib0220], [@bib0250], [@bib0705], [@bib0875], [@bib0980]). Since there is absolutely no way to cover all the samples sequenced or genome organizations found even if one was restricted to a single order or family, the author apologizes in advance if he failed to cite your contribution to the field.Fig. 1Growth everywhere. Publications by year for "RNA virus metagenomics" (A) and "virome" (B) over the past decade using the "Results by Year" graph from Pubmed. Number of viral species (C), genera (D), and families (E) assigned by the ICTV over the past four decades ([@bib0490], [@bib0495]). Changepoint analysis with the "at most one change" statistical test was significant at year 1996 for genera and family data and 2015 for species data ([@bib1100]).Fig. 1

2. TMRCA of RNA virus metagenomics {#sec0010}
==================================

2.1. The root {#sec0015}
-------------

Where do we begin with RNA virus metagenomics? Construction and sequencing of cDNA libraries share most of the features of RNA viral metagenomic protocols and have existed since the late 1970s ([@bib0940], [@bib0255]). One could argue about the meta- or the −genomic nature of the cDNA sequencing example, but the method is nearly unchanged since its introduction. A single organism contains multitudes and now one of the more common ways of discovering new viruses is from searching said cDNA sequencing data ([@bib0275], [@bib0935], [@bib0610]). Clearly, the depth of sampling has changed in recent years but sequencing even two clones could be considered metagenomics.

RNA virus metagenomics began with a DNA virus and a contaminant. In a prescient 2001 manuscript, Allander et al. added DNase to spin-filtered serum prior to extraction to enrich for viral particles ([@bib0015]). Nucleic acids were extracted and separately processed for DNA and RNA libraries and then randomly amplified, enabling the discovery of two bovine parvoviruses from the commercial bovine serum that was used to dilute their viral spike-in controls. Surprisingly, the novel DNA viruses were present in the RNA half of the experiment -- the side that was specifically reverse transcribed and amplified in order to test the protocol's ability to detect GB virus C ([@bib0015]).

This experiment is worth focusing on as it foreshadowed several themes in the world of RNA virus metagenomics. The protocol used in the paper is surprisingly similar to that used today ([@bib0190]). Host or environmental background DNA dwarfs most nucleic acids and sequencing of RNA species circumvents the problem so well that it may be the best way to find high concentration DNA viruses that are being actively transcribed. Even today concerns over whether metagenomics is sufficiently sensitive bedevil its use as a gold standard ([@bib0915], [@bib1055]). Finally, in the world of metagenomics, you do not know what is in your sample until you sequence, and the sensitivity of your assay is perhaps best measured by your ability to recover ubiquitous reagent contaminants ([@bib0095], [@bib0725]).

2.2. The early branches {#sec0020}
-----------------------

Environmental RNA virus metagenomics arose somewhat later. As recently as 2003, degenerate PCR targeting the RNA-dependent RNA polymerase from picorna-like viruses had shown the potential for viral discovery in marine virus communities with the detection of four new RNA virus families ([@bib0200]). Large scale, high-profile efforts such as sailboat-based shotgun sequencing of the Sargasso Sea came two years later and used 0.1--3.0 μm filters that predominantly enriched for DNA from microbial communities ([@bib1015]). Three years later, Robert Edwards and Forest Rohwer were still calling for the development of methods that would allow for sequencing of RNA viruses ([@bib0250]).

Allander's original method that detected the bovine parvovirus contaminants gave rise to clinical metagenomics in 2005 by discovering a novel human parvovirus (human bocavirus) and detecting a novel human coronavirus (coronavirus HKU1) by screening pooled human nasopharyngeal aspirates ([@bib0020], [@bib1040]). Reads to influenza A virus, human orthopneumovirus (RSV), metapneumovirus, human adenovirus, and TTV-like virus were also recovered from the 864 reads. That same year 36,789 colony sequences from DNase-treated RNA extracted from viral concentrates of human feces revealed a preponderance of pepper mild mottle virus and other plant viruses, but no new human viruses ([@bib1090]). The first non-human environmental-focused RNA viral metagenomic survey used DNase-treated extracted nucleic acids from nuclease-treated viral concentrates from coastal communities in British Columbia ([@bib0205]). The resultant pure RNA was reverse transcribed and double-stranded cDNA was synthesized, blunt-end ligated, and cloned to reveal nothing, for there was not enough RNA present even in 40--60L of seawater, highlighting the importance of amplification in most any RNA virus metagenomic preparation. After amplification, two novel picorna-like viruses and one novel +ssRNA virus that remains taxonomically unassigned were discovered at high concentrations among the 355 reads.

It is incredible to note that only one year later, researchers were reporting RNA viral metagenomic sorcery of honeybees with hundreds of thousands of reads ([@bib0195], [@bib0595]). Next-generation sequencing and rapid bioinformatics gains allowed researchers unbelievable opportunities ([Fig. 1](#fig0005){ref-type="fig"}) ([@bib0220]). Due to the short read length of Solexa sequencing at the time, initial viral metagenomic efforts required 454 sequencing, which allowed for hundreds of thousands of reads a few hundred bases long ([@bib0880]). The result was an array of human viral discoveries, including Merkel cell polyomavirus, human bocavirus 2, salivirus, Lujo arenavirus, Dandenong arenavirus, SFTS bunyavirus, and a variety of new human astroviruses including MLB1 and VA1 through VA5 ([@bib0125], [@bib0275], [@bib0285], [@bib0290], [@bib0390], [@bib0480], [@bib0525], [@bib0530], [@bib0595], [@bib0640], [@bib0700], [@bib0800], [@bib1075]). Groups often found the same viruses within days of each other and discrepant names for the same virus were common ([@bib0390], [@bib0475], [@bib0480], [@bib0520], [@bib0640]). Pyrosequencing yielded impressive gains in environmental RNA virus sequencing with profiling of a freshwater lake yielding tens of novel ssRNA and dsRNA viruses ([@bib0230]). The RNA virus metagenomic age was officially underway.

3. Why has RNA virus metagenomics been so successful? {#sec0025}
=====================================================

3.1. Diversity {#sec0030}
--------------

While early studies of metagenomics lamented the lack of RNA viruses discovered compared to DNA viruses, RNA virus metagenomics appeals to the viral discoverer for a number of reasons. The first is that success in viral metagenomics is often measured by the genetic distance of a newly discovered virus from other known viruses. While finding a new virus in the environment is not necessarily a problem in either DNA or RNA, the low fidelity of RNA polymerases and the sequence space they are capable of sampling, along with the possibility of recombination, lend themselves to new species and genera that are the trophies of metagenomic viral discovery. These properties also favor the metagenomic library preparation process. Sufficient homology to land PCR primers for amplicon-tiling library preparation approaches may not exist, and the number of oligos needed to cover the sequence space of a given RNA virus such as Hepatitis C virus can make hybrid capture approaches cost-prohibitive. De novo assembly methods that allow for the rapid reconstruction of near complete genomes have also dramatically improved over the past decade and can handle widely disparate coverage for each contig ([@bib0340], [@bib0055]). All of these properties often make metagenomics the first method of choice when trying to recover sequence from even a known RNA virus ([@bib0425], [@bib0790]).

3.2. It is not DNA {#sec0035}
------------------

Another reason for the provision of RNA virus metagenomics is the ease and increased depth and sensitivity associated with removing background DNA. Indeed, one of the difficulties of RNA virus metagenomics is that RNA virus genome sizes are generally measured in the kilobases, but the size and quantity host DNA background measures in the gigabases. If not partitioning sequence selectively across RNA and DNA, a single contaminating host cell can be the equivalent of half a million virions. Removal of host DNA is often required for one to recover complete RNA virus genomes. The library preparation process simply requires a 30-min treatment with DNAse I or Benzonase to remove all background DNA leaving the RNA viruses behind. In addition, RNA viral capsids are measured in nanometers and can be selectively enriched using 0.22 um or 0.45 um filtration. Even if one is interested in DNA viruses, RNA metagenomics allows the recovery of mRNAs that are associated with actively replicating DNA viruses, which may be helpful information when so many DNA viruses can be latent or integrated into host genomes ([@bib0820]).

3.3. Sitting right there {#sec0040}
------------------------

Recovery of these RNA viruses is also made easier by the fact that, once host DNA is removed, they can be present at extraordinarily high concentrations in total RNA or constitute a surprisingly large proportion of transcripts in an mRNA library, up to almost 90% of non-ribosomal RNAs in some invertebrates ([@bib0655]; [@bib0935]). Based on total masses of nucleic acid in virus like particles, it has been estimated that half of marine viruses are RNA viruses due to the larger burst size of eukaryotic RNA viruses ([@bib0975]). A particularly instructive example was the discovery of the Lake Sinai virus in honeybees ([@bib0885]). It was originally discovered and assembled metagenomically at such high titer that when researchers went to perform Northern blots, they could see the viral RNA staring back at them after RNA electrophoresis. The author has also previously taken part in studies where the method of screening for known segmented RNA viruses such as rotavirus was to run gel electrophoresis on extracted stool RNA without amplification and look for banding ([@bib0395], [@bib1080]).

3.4. No wet lab necessary {#sec0045}
-------------------------

Mining of publicly available transcriptome data has contributed greatly to the discovery of novel RNA viruses ([@bib0070], [@bib0920]). Indeed, genome-transcriptome studies of eurkaryotes sometimes miss the viruses present in their sequence when they map their RNA-Seq reads to their assembled DNA-Seq genome ([@bib0045], [@bib0175]). RNA viruses are lurking in the unaligned portion of the reads and often can be readily assembled and aligned to NCBI to find many new viruses in a given host ([@bib0075]). Most recently, six novel RNA viruses were discovered in publicly available orb weaver spider transcriptome data ([@bib0215]). Such sequences can be downloaded from the Short Read Archive, assembled, and deposited into NCBI's Third Party Annotation database ([@bib0720]). Research parasites of the world can now identify with their obligate intracellular parasitic brethren ([@bib0660]).

4. A metastable approach {#sec0050}
========================

Rapid increases in sequencing depth achieved with next-generation sequencing have been matched by the increasing ease of library preparation. Original viral sequencing protocols involved the preparation of multiple micrograms of nucleic acid and about a week of work ([@bib1000], [@bib1035]). Protocols were slowly refined to reduce library preparation to a matter of days ([@bib0395]). The development of transposon-based library creation and amplification have reduced RNA metagenomic library preparation such that most labs perform the process in 12 days, and when coupled to nanopore sequencing the entire sample-to-sequence process can be as little as 6 h ([@bib0415], [@bib0430], [@bib0435]).

A typical RNA virus metagenomic protocol entails filtration, nuclease treatment, double-stranded cDNA synthesis, followed by Nextera XT tagmentation and PCR amplification (Alexander L. [@bib0420], [@bib0450]). The benefit of the protocol is the minimal hands-on time, low cost given the dilutability of the transposase, ease of dual-indexing, and direct compatibility with Illumina sequencers. The protocol can be performed in as little as 4--6 h and is amenable to automation ([@bib0430], [@bib0435]). Variants include the use of additional PCR cycles or amplification prior to tagmentation. However, in the author's experience these are not necessary given the amplification step present in the tagmentation library preparation protocol and the possibility of extra PCR cycles creating coverage bias ([@bib0190]). Steps to increase the amount of nucleic acid used as input are helpful for the retrieval of longer reads and reducing PCR jackpotting, although often practitioners move forward with the RNA present. While no doubt the best way to enrich for viral like particles, and perhaps to help define a sequence as likely viral in origin, the use of ultracentrifugation is not necessarily required for viral metagenomics. Rather ultracentrifuge is kept for defined "virome" work, especially where there is a high bacterial background such as feces ([@bib0570], [@bib0995], [@bib1000]). Indeed a direct head-to-head comparisons of ultracentrifugation and filtration for viral particle enrichment found the main benefit of ultracentrifugation to be the removal of host DNA background, which is less of a concern for RNA viral metagenomics if extracted nucleic acids are DNAse treated ([@bib0565]).

5. Metagenomics for the people {#sec0055}
==============================

As evidenced from the early history, discovery of new etiological agents of human disease drove the adoption of viral metagenomics ([@bib0665], [@bib0980]). Clinical metagenomics, or direct shotgun sequencing from clinical samples with minimal sample processing, for diagnostic testing has largely been driven by the diversity of RNA viruses that preclude the routine use of single-plex or even multiplex PCR for broad clinical detection. Indeed, current rapid diagnostics followed by 16S or ITS PCR and Sanger sequencing cover most of the actionable and more exotic organisms present in clinical specimens. While metagenomics delivered on the promise of finding novel human viruses, viral discovery in humans has increasingly become a tragic story of patients interacting with the wrong squirrel or tick on the wrong day and most samples sequenced are frankly negative ([@bib0470], [@bib0690]). In part because of the declining number of viral discoveries in humans, clinical metagenomics has taken on the mantle of detecting all known pathogens instead ([@bib0730], [@bib1050]). Metagenomics has been especially successful at finding known RNA viruses in unexpected sample types ([@bib0235], [@bib0735]). Provided there is sufficient coverage, it can also provide single nucleotide resolution to define strain relatedness for outbreak epidemiology and, where available, antiviral resistance ([@bib0065], [@bib0145], [@bib0430], [@bib0435]). Furthermore, the vast majority of clinical samples sent for clinical metagenomic sequencing are entirely negative, yielding a greater potential role for "ruling out" an infectious cause through metagenomic testing prior to treating for other diseases such as autoimmune disorders with immunosuppressant medication.

The excitement over using clinical metagenomics for one definitive test for clinical microbiology is tempered by questions around its sensitivity, actionable-ness of the sequence recovered (including cross-contamination), and cost. Since clinical labs are highly unlikely to perform ultracentrifugation, metagenomics likely has the best sensitivity in acellular environments such as cerebrospinal fluid rather than respiratory or stool specimens ([@bib0915]). Human cells become an interfering substance and at concentrations much lower than those that interfere with other clinical chemistry measurements ([@bib0845]). Detection of viruses at low concentration such as Zika virus make shotgun metagenomics problematic for a rule-out result in diagnostic virology ([@bib0100], [@bib0625], [@bib0740]). As with other culture-independent testing, culture will likely be required to provide antimicrobial sensitivity. While early detection can reduce further diagnostic testing, most RNA viruses in humans have no treatment and are essentially unactionable.

6. Bat-guano crazy about sampling {#sec0060}
=================================

The ease and ubiquity of RNA virus metagenomics is perhaps best illustrated by the increasingly diverse samples that are sequenced. When sequence divergence is the metric of success, metagenomicists boldly go where no human has gone before. For the purposes of raw discovery, the use of extraordinary mixed samples allow for one-stop shopping and diversify discovery risk, albeit with the drawback that host species cannot be confidently defined. And the continuing need to fund and sell discovery from the basis of security has focused metagenomic efforts on species with high zoonotic pandemic potential ([@bib0840], [@bib0990]). Here, bat guano routinely ranks high on the RNA virus metagenomic list as it checks all three requirements listed above. Bats aggregate a wide array of arthropods, plants, and other animals and produce copious amounts of guano and have been associated with multiple zoonoses. Cameroonian fruit bats, Chinese bats, Myanmar bats, Hungarian bats, French bats, American bats, big brown bats, tricolored bats, and little brown bats have all been profiled showing a vast array of RNA viruses from eukaryotic hosts ([@bib0210], [@bib0240], [@bib0310], [@bib0455], [@bib0460], [@bib0545], [@bib0645], [@bib1070]). Bats have been used to put an upper limit -- in the hundreds of thousands − of the total number of eukaryotic viruses that remain to be discovered ([@bib0030]). Other insect and arthropod aggregators such as spiders and birds have also yielded many new RNA virus species ([@bib0215], [@bib0245], [@bib0930], [@bib1105]).

The greatest paradigm shifter in recent viral metagenomics work has been the sheer number and diversity of novel RNA viruses present in arthropods and invertebrates. Yong-Zhen Zhang and team at the Chinese CDC have been systematically profiling the transcriptomes of invertebrates to upend our understanding of animal virology. A haul of 112 novel negative-stranded RNA viruses from 70 arthropods surpassed the known diversity of Mononegavirales ([@bib0655]). These included the first circular negative stranded RNA viruses ever found, which were part of a larger family of viruses (Chuviridae) that may yet become an order given that it is phylogenetically ancient to existing segmented and unsegmented viruses and was arranged in a number of topologies.

And yet those were just the negative-stranded viruses. When the team increased the number of hosts profiled to 220, they found 1445 novel RNA viruses ([@bib0935]). The genomes found illustrated widespread recombination among RNA viruses, viruses with multiple copies of structural genes, loss of structural genes, as well as transfer of genes between virus and host. Indeed, these discoveries so dwarf all previous RNA virus discoveries, especially in the picorna-like superfamily, that the paper itself would be worth reprinting here in full. Three additional novel families of positive-stranded viruses and two novel families of negative stranded viruses were described. Rather than detailing what was found, the surprises are the families in which novel RNA dependent RNA polymerase (RdRp) sequences were *not found* such as the Arenaviridae, Picornaviridae, Hepeviridae, Paramyxoviridae, Arteriviridae, and Secoviridae. Of course, whole undiscovered taxa basal to these taxa were also recovered. Perhaps most impressively, Zhang's team finished complete genomes with rapid amplification of cDNA ends (RACE) for each of these viral genomes, a feat that not many metagenomic viral discovers undertake when finding more than a few novel viruses. No doubt evolutionary RNA virologists will have just begun to comb through this data trove before the next ten thousand whole genomes of novel RNA viruses is deposited from peat moss.

Most importantly for veterinarians, RNA virus metagenomics has revealed a number of candidate etiological agents for a variety of animal ailments including avian proventricular dilatation disease, mink shaking syndrome, snake inclusion body disease, python respiratory illness, dairy cow disease, and tilapia die-offs ([@bib0560], [@bib0305], [@bib0105], [@bib0970], [@bib0965], [@bib1010], [@bib0465], [@bib0050]). Animal feces has proven fruitful hunting for metagenomicists, with canine, feline, porcine, equine, goose, duck, and shrew fecal RNA viromes turning up a plethora of mostly novel picorna-like viruses, albeit with an unclear relationship to disease and perhaps some more closely linked to the invertebrates indicated above ([@bib0270], [@bib0385], [@bib0650], [@bib0710], [@bib0745], [@bib0755], [@bib0770], [@bib0825], [@bib0850], [@bib0895], [@bib0910], [@bib1095]). The recovery of Ancient Northwest Territories cripavirus from 700-year old frozen caribou feces illustrated an incredible stability of encapsidated RNA ([@bib0765]). Screens for fish viruses are still in their infancy and yet the phylogenetic diversity of fish and perhaps their intense exposure to marine RNA viruses may prove them to be the chordate arthropods of viral discovery. Novel members of the Orthomyxoviridae, Picornaviridae, and Reoviridae have recently been described in fish ([@bib0050], [@bib0855], [@bib0860]). Our understanding of reptile and amphibian viral diversity is also still in its early days. The discovery of a non-Old World, non-New World arenavirus in boid snakes with an envelope protein most closely related to filoviruses proved a tantalizing hint toward new variations on old taxonomies ([@bib0965]). For the basic scientists, a number of novel RNA viruses have been discovered in model organisms such as *C. elegans* or *D. melanogaster* ([@bib0265], [@bib1025]). Thousands of new viruses have been found in plants through metagenomics, with most awaiting further characterization or even finished assembly ([@bib0865]). Plant virus metagenomics is probably one of the more fertile areas of growth for viral discovery in the coming years given their incredible biodiversity ([@bib0870]).

RNA viral metagenomics has made a number of contributions to our understanding of viral diversity at the far reaches of life. Sequencing of a hot, acidic lake and wastewater revealed a novel ssDNA virus with an RNA virus-like capsid protein, suggesting past recombination between DNA and RNA viruses ([@bib0225]; [@bib0835]). While there are still no definitive RNA viruses of *Archaea*, viral RNA metagenomics isolated a 5.6 kb contig that contained an capsid-like protein and an RNA-dependent RNA polymerase that differed from the RdRps of viruses from eukaryotes and bacteria ([@bib0110]). The same can be said of the ciliates, who were previously noted among the eukaryota for having no known RNA viruses ([@bib0585]). Metagenomic sequencing of wastewater after a rainstorm revealed two RNA contigs that were highly suggestive of ciliate RNA viruses in a metagenomic background of *Tetrahymena* and several viruses best translated in the ciliate genetic code were found in the invertebrate surveys detailed above ([@bib0355], [@bib0935]).

Given the incredible growth in bacteriophage diversity from metagenomics, RNA phages were a surprisingly late arrival to the metagenomic discovery party. As recently as 2016, genome sequences from RNA phages were surprisingly few and far between with only 11 ssRNA and 5 dsRNA genomes compared to over 1000 DNA bacteriophage genomes from 494 species ([@bib0360], [@bib0610]). Mining of metagenomic datasets yielded an additional 122 partial genomes from novel RNA phages covering \>100 novel species including the first known RNA phage number of a Gram-positive bacteria ([@bib0610]). These sequences included multiple unique genomic arrangements as well as ORFs that had no similarity to known proteins. Invertebrate virus sequencing efforts detailed above also found a similar number of levi-like viruses ([@bib0935]). Given the many uses of the MS2 phage coat protein for understanding RNA-protein interactions and as a tool for bioengineering RNA affinity purification, the expansion of the RNA phageome will likely create a number interesting tools for molecular biology that can build on MS2.

7. Pity the ICTV {#sec0065}
================

The ridiculous number of virus discoveries in the past several years has put an incredible strain on the whole system of viral taxonomy ([Fig. 1](#fig0005){ref-type="fig"}C--E). The inclusion of uncharacterized metagenomic viral sequence in taxonomy has long been of some debate at the International Committee on Taxonomy of Viruses (ICTV), the adjudicator of novel families, genera, and species of the viral world. Only this past year did the ICTV codify its existing policy through issue of a consensus statement on the inclusion of metagenomic data in its consideration of taxonomical placement of viruses ([@bib0945]).

The torrid pace of discoveries has forced the hand of viral discoverers to come up with euphonious names for viruses for which there is almost no biological understanding ([@bib0490], [@bib0495]). Convention previously dictated something like location, host, and number, even if the World Health Organization now recommends against ruining the tourist economy along the Ebola River or in Coxsackie, New York ([@bib0300]). Since sequence similarities govern our understanding of genomic function, there is a temptation to name based on homology and let past discoveries anchor the novel (e.g., picobirnavirus or dicipivirus/cadicivirus/picodicistrovirus) ([@bib1045]). Default nomenclature is approaching that of drug manufacturers or therapeutic antibody naming, with alternating consonant-vowel pairs that might have some basis in Latin or relation to the location but obscures the actual place (e.g. avisivirus, aquamavirus, hunnivirus, harkavirus) ([@bib0120], [@bib0850]). Recently, five ancient Chinese states formed the basis for naming novel family lineages ([@bib0935]). Detection of ancient recombination in RNA virus sequences is revealing genomic abominations that only a liger could love. What do you get when you cross a picornavirus and a calicivirus? Probably a non-functional, non-replicating piece of RNA, but Picalivirus A--D are still a thing ([@bib0365]; [@bib0760]). Tombusviridae and Nodaviridae? Tombunodavirus ([@bib0345], [@bib0370]).

The inventiveness of nomenclature for novel virus discovery in a space of anarchy combats a steady march of rules and reason by the ICTV ([@bib0945]). Not even clinically relevant viruses such as human parainfluenza viruses or respiratory syncytial viruses -- now human respirovirus, rubulavirus, orthopneumovirus -- can resist binomial nomenclature and taxonomical reassignment ([@bib0005]). However, if discoverers get out far enough of the rationalization, their original names can take advantage of the movement to have an outsized influence on viral nomenclature ([@bib0120], [@bib0885], [@bib1045]).

8. Remaining frontiers {#sec0070}
======================

In a field with seemingly no end to frontiers, it is curious to define even more. No doubt the 'virtuous cycle' of metagenomic sequencing will only increase in breadth and depth in the coming years with a concomitant growth of new bioinformatic algorithms leading to discovery of even more new organisms and further decrease in so-called unalignable viral "dark matter" ([Fig. 2](#fig0010){ref-type="fig"} ) ([@bib0410], [@bib0605]). Turning the crank on RNA virus discovery metagenomics is now the provenance of undergraduate theses ([@bib0670], [@bib0930], [@bib1085]). Other than sampling more broadly and maintaining the exponential growth in Genbank, what are orthogonal challenges for future RNA virus metagenomic studies?Fig. 2The conjoined circles of metagenomic success.The increased output of modern-day sequencers has led to increased metagenomic sequencing of samples, both environmental and clinical. This in turn has led to an explosion in the NCBI Genbank and WGS databases. New discoveries beget the discovery of more divergent new viruses and organisms as they are now alignable to new references in the database. Rather than searching through gapped alignments, the increased coverage of the Genbank reference database allows for more exact k-mer searching, which allows for faster, more sensitive alignments of reads. This in turn makes metagenomic sequencing more useful, especially in the clinic, which in turn begets more sequencing.Fig. 2

8.1. Easier, faster, better, broader protocols {#sec0075}
----------------------------------------------

To start in the wet lab, better methods of host depletion and recovery of full viral genomes are absolutely required. Too many analogies to "finding a needle in a haystack" in the literature necessitate the use of cellulases ([@bib0025], [@bib0600], [@bib0630], [@bib0635], [@bib0730], [@bib0950]). Even if RNA viral transcripts constitute \>50% of an arthropod, they rarely do so in mammalian tissue ([@bib0275], [@bib0935]). In both clinical metagenomics and complex mixtures there are always low concentration viral sequences, either due to time of sampling, viral biology, or the long tail of ecological abundance, which deeper sequencing alone may not solve. Synthetic biology and programmable nucleases may allow new options for depletion beyond the ribosome although current efficiencies must be improved ([@bib0445], [@bib0680]).

Even though sample preparation methods have become considerably easier in the past decade, they still take several hours of hands-on time and have not routinely been ported to automated liquid handlers. With plunging sequencing costs, library preparation costs for RNA virus metagenomics have taken a front seat. The time and cost of library preparation hamper adoption of metagenomics in the clinical virology lab. Similar to the expanding suite of Cas programmable sequence-guided nucleases, an RNA-directed transposase for adapter tagging followed by one-step, dual-indexed amplification would speed up library preparation as the bulk of time in current preparations is spent on double-stranded cDNA synthesis ([@bib0315]). Such an enzyme might be discovered through the approaches highlighted here, or perhaps through directed evolution of existing DNA transposases ([@bib0010]). Another solution might be a one-pot mix of enzymes that performed library preparation in a similar fashion as Gibson cloning.

Even in a host-free environment, current amplification methods do not recover full viral genomes from end-to-end. Instead, the common paradigm is random priming with amplification followed by a follow-up step of RACE to recover ends ([@bib0655]; [@bib0935]). This second step is highly laborious, especially for segmented RNA viruses, and difficult to execute on viral sequences at low concentration or in complex mixtures. Furthermore, current transposase-based library methods can produce inversions or sequencing artifacts at the end of genome segments or in areas of RNA secondary structure.

As "unbiased" or "agnostic" as metagenomics can be, we still rely on sequencing by synthesis and a four base read-out. The ultimate immunoevasion strategy may be virally-encoded nucleotides ([@bib0130], [@bib0715], [@bib1030]). Host and virally-encoded RNA editing already bedevils calling of accurate whole genome sequences in both positive- and negative-strand RNA viruses ([@bib0805], [@bib0815], [@bib0830], [@bib1020]). Adenosine-based modifications of viral genomes have shown effects on viral and host biology, but detecting them requires additional modifications to most sequencing protocols ([@bib0325], [@bib0330], [@bib0550], [@bib0555]). Our understanding of RNA base modifications in viral genomes is still in its infancy. Here, nanopore-based approaches to sequencing may hold the key to new discoveries as they can directly detect modified nucleotides, although current approaches are as dependent on the biology of pore proteins as we are on polymerases ([@bib0040], [@bib0155]). The ultimate answer may be direct mass spectrometry-based detection of viral nucleotides ([@bib0335], [@bib0180]). Improvements in sensitivity of nanopore sequencing in terms of sequencing depth and the host depletion strategies highlighted above are required before nanopore-based metagenomics becomes routine or meaningful ([@bib0415]).

Other than the retroviruses, RNA viruses do not readily provide host linkage information in metagenomics like DNA viruses and phages often do. Linking RNA virus and host has been imputed based on transcript levels or dinucleotide usage, although the latter has recently been shown to more correlated with viral family than host species ([@bib0535], [@bib0320], [@bib0935]). Even when sequencing discrete organisms such as a singular honeybee, the co-existence of eukaryotic parasites means that imputation of viral host cannot be exact ([@bib0885]). Host promiscuity seems to be a common theme among newly-described RNA viruses ([@bib0775]). Highly-indexed libraries, chemical linkage of RNA species, and physical partitioning through single cell transcriptomics currently provide the best potential solution to the host imputation problem in complex mixtures ([@bib0135], [@bib0170], [@bib1005]).

8.2. Experimenting with function {#sec0080}
--------------------------------

To date, most metagenomics has adopted the 19th century British naturalist approach of cataloging inventory and diversity. This focus of the field has been somewhat punishing for those involved, with burnout of both scientists and reviewers from not fully understanding the why of it all ([@bib0140]). This author does not necessarily have a better plan, but perhaps phenotype might be a reasonable start. Mass spectrometry was available to previous generations of biochemists, but they did not necessarily stop to catalog the contents of every fraction, focusing instead on function. This is not to understate the critical impact of the technical training that comes from viral metagenomics, nor to minimize the power of the method. But once we know that viruses are diverse, some concern for function is most likely in order. Although they are now no doubt contributing, viral metagenomicists have previously borrowed liberally from the biochemical functions assigned to strings of sequence without confirmation. Genomics has been the wires that allowed biochemistry to scale (167, 168).

A number of options for functional characterization of these viruses are available but they unfortunately require work. Additional culture models are needed to handle all the new discoveries and genetic engineering methods for more easily establishing cell lines from exotic species are worth pursuing ([@bib0260], [@bib0295], [@bib0965], [@bib0080], [@bib0510]). Focusing discovery on genetically tractable organisms has allowed for relatively rapid functional studies of the new discovered *C. elegans* Orsay virus ([@bib0165], [@bib0515]). A number of culture-independent methods exist now to characterize the novel viruses and their genes. Biochemical assays for RdRp, proteases, helicases, capsids, and internal ribosome entry sites all exist and synthetic biology allows for easy cloning from a database to test these new proteins found through metagenomics ([@bib0620], [@bib0780], [@bib0810]). Profiling known functions across the new viral species, such as RNA binding strength and sequence specificity of novel RNA phage proteins related to MS2 phage or viral protease specificity and kinetics, might be a place to start ([@bib0780]). Affinity purification-mass spectrometry is a powerful method that allows discovery of viral-host protein--protein interactions in the absence of culture ([@bib0500], [@bib0400], [@bib0695], [@bib0350]). For vertebrate viruses, serological assays have long been used to confirm roles in disease ([@bib0785], [@bib0060], [@bib0185]).

The ubiquity of these viruses also leads to questions of how we publish in the absence of experiments and what a sequence is worth. The number of novel viruses discovered needed for a high-profile paper has increased by logarithms ([@bib0610], [@bib0935]). In the absence of particular phenotypic data or wet-lab viral characterization, many authors have turned to *Genome Announcements*, biorxiv, or simply uploading to Genbank with extra metadata, figuring that sequencing is the most likely future method of both detection and discovery ([@bib0215], [@bib0375], [@bib0380], [@bib0540], [@bib0925], [@bib0955]). Given the glut of new viruses, expansion of sequencing, and the time it takes to publish, scientists may be more likely to align to your novel virus rather than read about it in a journal and decide to screen for it. This method has allowed for rapid sharing of data and de facto global screens of novel RNA virus prevalence, tropism, and evolution that then lead to something resembling a story.

8.3. New roots {#sec0085}
--------------

Perhaps the most difficult challenge to spring from sequence gazing at all the novel RNA viruses is our understanding of the origins of RNA viruses. At what point in host evolution does an RNA viral pathogen arrive? And what exactly did the host look like then? RNA virus metagenomics still does not provide the answer. Results from initial RNA virus genomics work suggested picorna-like viruses predated the radiation of the five supergroups of eukaryotic organisms ([@bib0585]). Since then, hints of genetic exchange between hosts and viruses, prominent in DNA virus and bacteriophage genomics, are showing up in RNA viruses ([@bib0485], [@bib0900], [@bib0935], [@bib0960]). Accounting for each of the domains commonly present in RNA viruses is a challenge for any origin story, though greater knowledge of domain organization and swapping between different RNA viruses may help firm up these dates ([@bib0590]). Biochemical characterization of the incredibly diverse RNA viruses discovered through ongoing metagenomic screens will also test theories of the origin of RNA viruses and better date the origin of different RNA virus clades relative to different epochs of eukaryotic evolution. Recent genetic and proteomic screens of eukaryotic RNA viruses have indicated key reliance on host lipid modifying enzymes that regulate vesicular transport ([@bib0405], [@bib0905], [@bib0440], [@bib0150], [@bib0675], [@bib0115], [@bib0085], [@bib0035], [@bib0750], [@bib1060], [@bib0890]). Membrane repurposing is a critical determinant of RNA virus replication which should be added to the "hallmark genes" of RNA viruses, though they currently escape sequence alignment profiling ([@bib0575]). These results have led to a hypothesis in which part of the RNA virus origins involve selfish vesicular transport that likely expanded with the rise of intracellular eukaryotic transport ([@bib0440], [@bib0580], [@bib0615]). The list of RNA viruses that have acquired a cellular envelope continues to grow ([@bib0160], [@bib0280], [@bib0685]). New concepts in bacterial vesicular transport might be consistent the close evolutionary link between the eukaryotic RNA virus polymerases and bacterial retroelements ([@bib0505], [@bib0615]).

9. Make it stop {#sec0090}
===============

To put it scientifically, it is nuts that all this and much more have happened in only approximately a decade. If they were not already, RNA viruses have become the star child of evolutionary biologists, whether for day-by-day or eon-by-eon examples of evolution ([@bib0595], [@bib0585], [@bib0590], [@bib0935], [@bib1065]). With our world expanded and our place in it shrunk, there is still much to do regarding viral sequencing for our own quotidian human RNA viruses ([@bib0985]). There is but one way to ensure that we find no more viruses. Go sequence something.
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